INTRODUCTION 44 45
In emergency situations (such as humanitarian crisis, wars or hazardous natural events) it is 46 essential to provide the population affected with safe and secure shelter, quickly and at low 47
TYPICAL SUPERADOBE STRUCTURE 115 116
Superadobe structures may present a rectangular plant with straight walls or a round plant with 117 walls that provide support to a dome. Walls are usually built with bags ranging from 0.30 to 118 0.40 m wide that are piled up to a height of 2.5 m. The dome is usually formed by piling 119 consecutive rows of bags with a perimeter that reduces with the height. 120 An important difference between conventional domes and superadobe or earthbag domes is the 149 angle formed between the centreline of the structure and the joint surface, as depicted in Fig. 2b . 150
In the case of conventional domes, joints are usually perpendicular to the centreline, which 151 tends to increase stresses normal to this surface. Consequently, shear stresses are reduced andcentreline is inclined regarding the joint surface, leading to a reduction of the normal stresses 154
and an increase of the tangential stresses. This intensifies the risk of failure of the joint, whose 155 behaviour should be carefully verified. 156
The method proposed here applies to the design of earthbag and superadobe walls and domes,6
Fig. 3 -Forces Nd, Td and Md acting on the wall (a), combined bending and axial compression 176 in a row (b), stresses in a bag under vertical loading (c) 177 178
Fd is equivalent to a normal component (Nd), an horizontal component (Td) and a bending force 179 (Md) due to the eccentricity. The normal force applied in each interface increases in lower bags 180 as the weight of the upper part of the wall increases. The horizontal forces and the bending 181 moment vary due to the effect of lateral loading, such as wind forces (Wd). Fig. 3b shows the 182 combined application of bending and axial forces in a row, which produce a non-uniform stress 183 distribution in the interface. Notice that the application of the normal stresses should also induce 184 tangential stresses because of to the lateral confinement created by the bag, as shown in Fig. 3c . 185
To simplify the description of the formulations, all variables are described in the list of symbols. 186
In general, the letter i is appended as a subscript to the variables in order to make reference to 187 the calculation at a certain earthbag row. In case the letter i do not appear as a subscript, the 188 variable makes reference to the global analysis of the wall, considering the boundary conditions. 189
The resistant and failure mechanisms of the wall are determined by considering the design 190 values of the forces (Nd, Td, Md, Wd) and of the stresses. In order to guarantee the structural 191 safety, the design value of the strength (Sd) should be bigger than or equal to the stresses 192 generated by the actions (Ad). In other words, the safety factor (SF) shown in Eq.1 should be 193 bigger than 1. 194 195 196 Vertical stresses generate a horizontal component to the bag due to the lateral earth pressure of 197 the soil when subjected to normal loads. The bag is responsible for resisting these stresses 198 Taking the expression above, the global stability of the wall and the local stability of each bag 203 or joint have to be verified. Table 2 shows the equations that were deducted based on the 204 principles of material and structural mechanics for the verification of the possible failure 205 mechanisms that might occur considering the specificities of superadobe walls. 206 207 (Fig. 4a) 89:;<$ ≥ $,),> (Eq.4) Buckling (Fig. 4b) 6 @ B$:CD /(48 6 ) ≥ $,JBK (Eq.5) Roll-over (Fig. 4c) $,* /2 ≥ $,* + $,* ℎ (Eq.6) Slipping (Fig. 4d) CO + P,* µ ≥ $,* (Eq.7) Tear of the bag (Fig. 4e) RDB9 ≥ $,* − $,* (Eq.8) Failure of the adobe (Fig. 4f) B$:CD ≥ $,),* (Eq.9) Failure of the bag (Fig. 4g) 2 V CB8 /ℎ ≥ $,),* (Eq.10) construction, before the bags have degraded and an improved connection develops between the 231 materials from different rows. 
in all cases. The safety factor was calculated for each failure mode in accordance with Eq.1. 261
The smallest SF obtained for different width of the bag (B) and a height of 2.5 m are presented 262 in Fig.5a , 5b and 5c. In this figure, the vertical axis corresponds to the structural SF and the 263 horizontal axis depicts the values of the parameter studied. Notice that a value equal or lower 264 than 1 in the vertical axis indicates that at least one verification is not satisfied. This limit is 265 depicted as a red continuous line in all graphs. The predominant failure mode is also indicated 266 by the type of marker used in each curve. 267 Fig.5a , 5b and 5c reveal that B is a key parameter regarding the structural safety. To achieve SF 268 bigger than 1, B bigger than 0.35 is needed in practically all scenarios simulated in this 269 parametric study. As expected, the influence of B is highly sensible to the normal action at the 270 top of the wall (Nd). The variation in the SF as a result of modifications of the tangential action 271 (Td) is considerably smaller for the typical range found in practice. This is reasonable since the 272 most likely failure modes are due to buckling and to roll-over of the wall, both of which depend 273 mainly of the area of the cross section of the wall and of the normal actions. 274
Interestingly, as the normal forces decreases and the width increases, the critical condition tends 275 to be related with other boundary conditions and the predominant failure mode changes. As 276 observed in Fig. 5a and 5c, for the cases with Nd of 1 and B bigger than 0.3 m, the smallest SF 277 occurs for the collapse verification. The latter, is closely related with the ground mechanical 278
properties. Other parameters such as the compressive strength of the adobe (fadobe), the tensile 279 strength of the bag (Tbag), the contribution of the barbed wire (Cbw) or the friction coefficient 280 between bags do not have any influence in this case of study since they are not related with 281 failure due to global or local roll-over nor buckling. 282
Another important variable during the design process is the height of the structure (H). The 283 influence of this parameter on the structural safety is presented in Fig. 5d , 5e and 5f for a 284 constant B of 0.45 m. Again, different conditions in terms of Nd and Td are considered. In 285 general, the increase of H leads to a reduction of the SF. The exception is observed when the 286 predominant failure is due to roll-over and low normal forces are applied. In this case, the 287 increase of height produces an increase of the compressions at the base of the column. Such 288 compressions stabilize the wall and reduce the risk of failure due to roll-over, thus increasing 289 the SF. As a higher Nd is applied, the failure becomes governed by the collapse or the buckling, 290 which are negatively influenced by the increase of H. Consequently, a decrease of the SF is 291 observed with the increase in H. Notice that the SF is bigger than 1 for most of the simulations performed. The only exceptions 299 occur for walls with H bigger than 2 m and is subjected to high Nd values. In such cases, the SF 300 against buckling and roll-over becomes smaller than 1. In other words, instability problems 301 become more evident for heights of more than 2 m. 302 303
Interaction axial force and shear force diagram 304 305
In order to gain deeper insight into the structural performance of earthbag walls, an axial force 306 and shear force interaction diagram is developed by means of the equations from Table 1 The load required for producing collapse, bag failure and adobe failure are far above the typical 319 load found in practice. The unsafe region regarding the bag tear and the bag slip covers only a 320 small portion of the typical load area, thus indicating that these modes are not likely to lead to 321 failure. The overall safe region corresponds to the limits established by the expressions 322 regarding buckling and global roll-over. The buckling failure curve is a constant straight line 323 that defines the maximum axial force 30 kN, whereas the global roll-over curve exhibits a 324 constant slope that establishes the relationship between the axial and shear forces. Notice that 325 the typical load area is not completely overlapping with the overall safe region, which suggests 326 that the current design might be unsafe. This is mostly due to the high slope of roll-over failure 327 curve. It is important to remark that an isolated wall was considered in this simulation. In many 328 practical situations, the presence of lateral walls increases the stiffness of the structure, thus 329 reducing the slope of the roll-over failure curve. 330 
Geometrical considerations 341 342
The superadobe dome presents several particularities when compared with conventional 343 continuous dome structures. The most important of them is related with the material used and 344 the fact that the interaction between biodegradable bags has to be taken into account. Table 4  345 presents the equations that define geometrically typical shapes of superadobe dome. 346 347 
(Eq.12)
(Eq.14)
Cross section
349
The most common shape is the "pointed arch" due to its simple construction procedure and its 350 bearing capacity (the geometry provides a significant percentage of rows subjected to 351 compression along the perimeter). While the "pointed arch" and "equilateral arch" only require 352 two ropes to define their geometry, the parabolic and the elliptic ones require a prior set of 353 measurements with regards to the centre of the dome. This might complicate the constructive 354 procedure and should be considered when assessing the optimal shape of the dome. In the design of earthbag and superadobe structures it is essential to consider that the behaviour 367 of the adobe and the bag varies over time. This affects significantly the structure and the waythe calculations must be made. For early ages, the dome may be assumed as the succession of 369 rows piled one on top of the other, whereas in the long term the dome will behave as a shell 370 stone structure. For this reason, the conventional dome cannot be considered as a reference in 371 the design at early ages. 372
All these aspects were taken into account for the development of the design method. The 373 method is based on the verification that the design forces and stresses do not compromise the 374 stability or lead to mechanical failure. A horizontal force (Fh) needed to centre inside the kern 375 section limits of each row the resultant of the part of the dome located above it is calculated. It 376 is assumed that this force is withstood as shear forces between rows (Td) or hoop forces along 377 the perimeter of the rows (σθ), as shown in Fig. 7 . In order to facilitate the comprehension of the 378 method, it was divided in the following seven steps. The equations applied in each step are 379 summarized in Table 5 . 380 381 1. Calculate the inner (Eq.15), central (Eq.16) and outer radius (Eq.17) of each row defined 382 by the corresponding shape of the dome (Eq.11-14). 383 
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Notice that in the method proposed here, the forces needed to assure that the resultant coincide 410 with the inner and outer kern limits of the cross section are considered. This provides an 411 envelope of forces that mark a limit condition. In safe structures, the real stress will be smaller 412 than the defined with this method. Conversely, if the estimated stresses fall outside these limits, 413 failure or collapse might occur. 414
Structural verification 416 417
The verifications required to confirm the capacity of the superadobe domes to resist the actions 418 applied depend on the behaviour expected from each row. In case openings are presents, the row 419 is considered discontinuous, not being able to bear hoop stresses and falling in the category Ds. 420
In case no opening is present, the row is considered continuous and the designer may decide 421 whether the bags and the adobe are capable of resisting hoop stresses. If the material is capable 422 of bearing both compressive and tensile hoop stresses (the adobe and the bag contribute to the 423 resistant capacity), it falls in the category CA&B. If the material is capable of bearing only 424 compressive hoop stresses (the adobe contributes to the resistant capacity but the bag does not), 425 it falls in the category CA. 426 Table 6 shows the expressions for the verification of the failure and resistant mechanisms 427 corresponding to superadobe domes, which are depicted in inner radius, values ranging between 1.7 m and 2.3 were used, considering a height of 2.9 m. 483
Other geometric parameters assumed in the simulations are summarized in Table 6 . In total 10 484 models were analysed. No partial safety factor was applied to the loads or to the material 485
properties. After the analysis, the resultant force was calculated at each height through a 486 weighted sum of the forces acting at all nodes at this height. 487 
attributed to the procedure of calculation of the stresses in the latter since an averaging 506 procedure has to be applied. 507
The shear stress obtained at the top of the dome is approximately 0 MPa since the key element 508 is at a stable position. These stresses increase rapidly as the height reduces. Tangential forces 509 are needed to guarantee compatibility and to divert the resultant force of the upper rows due to 510 the change in the radial position of the cross section centre of gravity at each height. For the 511 same reason, at lower height, the smaller change in radial position of successive rows implies 512 smaller values of shear stress. Even though the shape of the curves is similar, the stresses 513 calculated with the methodology proposed here is considerably higher than the calculated 514 through the finite element analysis. This result was expected since the proposed method shows a 515 limit situation that could lead to collapse or local failure. 516
The hoop stresses computed in the finite element simulation changes direction along the height 517 of the dome. This is a consequence of the compatibility of displacements experienced by the 518 dome. The simplified method proposed does not take into account these deformations, which 519 otherwise would compromise the simplicity of the calculations. Consequently, it is not able to 520 capture the change in the direction of the hoop stresses. Despite that, the fact that the calculation 521 is performed for the outer and inner limits of the kern of the cross section for compression and 522 tensile forces provides maximum and minimum values. Notice that all curves obtained with the 523 finite element simulations remain within the limits defined by the curves of the simplified 524 method. This confirms that the simplified method will always remain on the safe side. 525 This parameter is called α and is the influence angle that reduces the destabilizing moment and 557 increases the stabilizing one. The main inconvenient of the CM is that this parameter depends 558 on the characteristics of each dome, requiring experimental studies. It is important to remark 559 that a direct comparison with the corbelling theory (CM) is not possible since it does not 560 provide the design width of the dome. Despite that, a comparison is made in terms of the angle 561 α that has to be used in the CM to obtain the maximum and minimum bending moment 562 equilibrium found in the model proposed here. The angle obtained is compared with the range 563 typically found by Rovero and Tonietti (2014) . 564 Fig. 13a shows the influence of the width of the bag on the SF. The increase of width leads to a 588 consequent increase of the SF in the domes CA&B. This is reasonable given that the failure in this 589 case is governed by the roll-over to the outside in the rows close to the bottom of the dome. The 590 increase of the width leads to bigger contact areas, which contributes to the stability against this 591 type of failure and increases the SF. On the contrary, the predominant failure mechanism 592 observed in the discontinuous domes (Ds) is due to slipping between bags. In this case, the 593 higher self-weigh load induced by the bigger width leads to bigger tangential loads that proposed by Khalili (1986 
